Defining Precision Medicine
Gyawali defined precision medicine as the concept of "tailoring treatment to individual patients based on the presence or absence of…biomarkers." We agree with this definition. There is now abundant evidence that metastatic tumors have complex genomic alterations that differ from patient to patient. Hence, in order to be precise in prosecuting them, one would need to personalize/individualize therapy. These concepts are the cornerstones of precision medicine.
Has Precision Medicine Been a Failure or a Success?
Gyawali claims that "precision medicine has failed to improve outcomes." To support this contention, he cites the SHIVA trial, which was a randomized "precision medicine" study. However, 80% of patients in SHIVA received monotherapy with either an mTOR inhibitor or a hormone modulator. 1 Hence, it is reasonable to conclude that these 2 types of single agents given to patients with advanced refractory cancer are not effective. It is not justified to extrapolate from this limited data and conclude that all of precision medicine is a failure.
The precision medicine strategy has now transformed the outlook for several types of formerly deadly cancers. The poster child for advances based on molecular matching is chronic myelogenous leukemia (CML), 2 which had previously resulted There are now many biomarkers that have proven extremely useful in the cancer field. We described the remarkable improvements in outcome associated with the targeting of the product of the BCR-ABL rearrangement in CML or that of KIT mutations in GIST. Other similar examples of pharmacologically tractable genomic alterations include BRAF V600E in melanoma and other cancers, 4 EGFR, ALK, and ROS1 alterations in non-small cell lung cancer (NSCLC), 2 and HER2 expression in breast cancer. The evidence for the effectiveness of therapy matched to these alterations is indisputable (Table 1) .
More recently, there have been trials that evaluated the use of the precision therapy approach in a broader sense. These studies include basket and umbrella trials. Basket trials focus on a specific mutation across multiple cancer types, whereas umbrella trials focus on a specific cancer type assigned to a treatment arm based on genomic profiling. A recent master protocol (N=500) that encompassed both the basket and umbrella concept (examining multiple alterations across diverse histologies) and permitted combination therapies showed that higher numbers of matches per patient (as reflected by a higher Matching Score) predicted improvement in all outcome parameters. 5 Furthermore meta-analyses of approximately 85,000 patients demonstrated that biomarker matching independently predicted improvement in all outcome parameters. 3, 6, 7 
Biomarkers for Immunotherapy
Gyawali discusses the limitations of PD-L1 IHC as a biomarker for response to checkpoint inhibitor immunotherapy. This biomarker is indeed imperfect. Cutoff levels are not clearcut and tissue heterogeneity in PD-L1 expression is seen. Even so, across tumor types and anti-PD-1/PD-L1 agents, response rates in the presence of PD-L1 negativity are 0% to 17%, whereas response rates in patients harboring PD-L1-positive malignancies are 36% to 100%. 8 Importantly, recent data suggest that other biomarkers are also extremely predictive of response to immunotherapy. For instance, patients with microsatellite instability/high tumor mutational burden have high response rates to checkpoint inhibitors. Further, some of these responders achieve durable complete remissions, even in the advanced, metastatic setting.
Challenges and the Future of the Precision Cancer Therapy Approach
Despite the recent advances observed with the precision cancer therapy approach, many patients still do not respond adequately. Indeed, genomics has revealed faults in our current paradigms for clinical research and practice. These problems will need to be addressed in order to fully realize the potential of precision medicine. For instance, the light microscope is still used to diagnose/classify cancer. This technology needs to be enhanced by the additional use of the "molecular microscope." Cancer is a genomic disease, and therefore genomics should be a key part of the diagnosis. 9 Importantly, heterogeneity and genomic complexity are hallmarks of metastatic tumors and are among the major challenges to the current precision medicine approach. Indeed, each metastatic tumor appears to have a complicated and unique portfolio of molecular alterations. Yet, present-day precision medicine strategies often use traditional clinical trial designs. For instance, they frequently focus on single agents. Further, commonalities between patients are identified in order to treat them in a uniform way, despite the fact that each of their tumors has a distinct array of anomalies. Solutions to the problems of heterogeneity, complexity, and distinctiveness of each tumor include (1) using customized combinations of treatment rather than matched monotherapy for patients with metastatic tumors; (2) administering genomically targeted therapy earlier in the course of the disease, when there are fewer alterations and the tumor is less resistant; and (3) applying immunotherapy to patients with the greatest number of genomic alterations, because the immune system, once reactivated, bases its recognition and eradication of cancer cells on the degree of difference from normal elements-the more chaotic the tumor's genome, the better.
Conclusions
In the past few years, there have been remarkable advances based on precision medicine. These advances include, but are not limited to, the exploitation of specific genomic markers such as BCR-ABL, KIT, BRAF, ALK, and EGFR gene aberrations to identify individuals who will benefit from cognate targeted inhibitors. In addition, our understanding of the marriage between genomics and immunotherapy has yielded biomarkers such as microsatellite instability and high tumor mutational burden that can predict for dramatic responses to checkpoint inhibitors. Even so, realization of the full potential of precision medicine will require paradigm shifts that include more frequent application of genomic testing, use of tailored combination therapy (N-ofone strategies), and moving to earlier disease for genomically targeted therapy. Finally, developing a deeper scientific understanding of tumor complexity and of the function of the immune system will be critically important.
